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We report on sub-cycle terahertz light-field emission of electrons from tungsten nanotips under
extreme conditions corresponding to a Keldysh parameter γK ≈ 10−4. Local peak THz fields
up to 40 GV/m are achieved at the apex of an illuminated nanotip, causing sub-cycle cold-field
electron emission and acceleration in the quasi-static field. By simultaneous measurement of the
electron bunch charge and energy distribution, we perform a quantitative test of quasi-static Fowler-
Nordheim tunnelling theory under field conditions that completely suppress the tunnel barrier.
Very high bunch charges of ∼ 106 electrons/pulse are observed, reaching maximum energies of
3.5 keV after acceleration in the local field. The energy distribution and emission current show good
agreement with Fowler-Nordheim theory even in this extreme field regime. Extending this model
to the single-shot regime under these conditions predicts peak electron distributions with a spectral
purity of 10−4. THz field-induced reshaping and sharpening of the nanotip is observed, reducing
the tip radius from 120 nm to 35 nm over roughly 109 THz shots. These results indicate THz-driven
nanotips in the extreme field limit are promising electron sources for ultrafast electron diffraction
and microscopy.
Light-matter interactions enter the extreme limit when
the energy scale of the field interaction meets or exceeds
a characteristic excitation energy of the system [1, 2]. In
electron photoemission from a metal surface, the relevant
energy scale is the work function, typically a few eV. The
electron surface potential is transiently tilted in a light
field applied normal to the surface, permitting electrons
to tunnel to the vacuum at a rate that depends exponen-
tially on the field-dependent width of the barrier [3, 4].
The ratio of the tunnelling time to the period of the light
field defines the Keldysh parameter, γK = τtun/T , and
for γK << 1 the field interaction is quasi-static [5]. For
near-infrared to visible light, the light intensities required
to reach γK = 1 are on the order of 10
13 W/cm2, ex-
ceeding the damage threshold of metals [6]. Quasi-static
light-matter interactions in the solid state have subse-
quently been relatively unexplored.
Intense, single-cycle terahertz (THz) pulses illuminat-
ing metal nanotips provide a means to explore this ex-
treme light-matter interaction regime [7–10]. Localized
to the tip apex, a broadband local field enhancement oc-
curs via a lightning rod effect that scales as η ∼ λ/R,
where R is the nanotip radius and λ is the vacuum
wavelength [9]. Intense single cycle THz pulses with
peak electric fields of 1-10 MV/m become locally en-
hanced by η > 1000 to several GV/m at the nanotip
surface. While such dc fields would immediately cause
catastrophic damage, breakdown is strongly suppressed
at higher frequencies under ac field conditions [11]. More-
over, under pulsed illumination the threshold field for
breakdown scales with the pulse duration as τ−4[12].
These GV/m local fields exceed the threshold for sub-
cycle cold-field emission from the metal nanotip [9, 13–
15]. Field-emitted electrons drawn directly from the
Fermi level are subsequently accelerated to several keV
in the quasi-static field before leaving the local field en-
hancement region that decays over length scales compa-
rable to the tip radius. Thus the electrons follow a de-
terministic path governed by the near instantaneous field
under which they are ejected. These cold-field emitted
electrons have potential applications as seeds for THz-
based accelerators and sources for time-resolved electron
diffraction [16] and time-resolved point-projection elec-
tron microscopy [17]. For many applications, particu-
larly those seeking near single shot operation, electron
bunch charges of > 106 electrons/pulse are typically re-
quired for simple, few atom unit cells [18]. Electron
bunch charges up to 100 electrons/pulse have been re-
ported from nanotips driven by mid-infrared pulses with
γK ∼ 0.1 [13]. We note that larger bunch charges were
likely achieved, but not quantitatively measured, using
low repetition rate, intense THz pulses [9].
In this work, we demonstrate sub-cycle THz field emis-
sion of electron pulses from a tungsten nanotip in the
extreme field limit corresponding to γK ∼ 10−4, deep
into the quasi-static regime. Average emission currents
> 0.1 nA are measured corresponding to bunch charges
of ∼ 106 electrons/pulse. We simultaneously measure
the electron energy distribution, with peak energies up
to 3.5 keV, comparable to previous work [9]. We test
this emission against quasi-static Fowler–Nordheim the-
ory and find good agreement despite it being well be-
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2FIG. 1. (a) Schematic of the experiment, whereby a single cycle THz pulse, FTHz(t), with polarization aligned along the
nanotip axis illuminates a metal nanotip and ejects electrons towards a Faraday cup after passing through a grid held at a
variable stopping potential Vs. (b) Electro-optic sampling of the incident THz pulses within the vacuum chamber illuminate
the tip, with a peak THz field of 298 kV/cm and Fourier amplitude spectrum shown in the inset. (c) Three dimensional
finite–difference time–domain simulation of the near-field enhancement normal to the tip apex in the vicinity of a 50 nm radius
tip. (d) Schematic of the electron potential at the metal-vacuum interface and the field-induced tilting leading to a tunnel
current. (e) The spatially resolved electron count per THz pulse as the nanotip is scanned through the fixed THz focal spot.
yond the limitations of the model. Finally, a pronounced
sharpening of the nanotip is observed under these ex-
treme field conditions, gradually reducing the size of the
tip from its initial 120 nm radius to sub-35 nm over an
estimated 109 shots.
A schematic of the experiment is shown in Fig. 1(a).
Single-cycle THz pulses are generated by tilted pulse-
front optical rectification in a room temperature,
MgO:LiNbO3 prism pumped by 800 nm, 4 mJ laser
pulses of 120 fs duration at a 1 kHz repetition rate
[19, 20]. Intense THz pulses are focused to a near
diffraction–limited spot on a tungsten nanotip with lin-
ear polarization aligned to the nanotip axis, held within
a small vacuum chamber with a base pressure of ∼ 10−7
torr. Tips were prepared from a polycrystalline tungsten
wire using standard electrochemical etching in a KOH
solution [21]. The nanotip radius was initially 120 nm,
as verified by scanning electron microscopy (See Fig. 4).
The transmitted THz pulse is minimally perturbed by the
presence of the nanotip and is 1:1 imaged on a 200 µm-
thick, (110)-cut GaP crystal for free-space electro-optic
sampling of the THz field. The most intense THz wave-
form experienced by the tip is shown in Fig. 1(b) with
its amplitude spectrum shown in the inset. The fields
are calibrated assuming a GaP electro-optic coefficient
r41 = 0.97 pm/V [22], accounting for the Fresnel loss
of the final high resistivity silicon vacuum chamber win-
dow. A pair of wire grid polarizers was used to vary
the incident THz peak field strength without changing
its polarization state. The tungsten nanotip can be ac-
tuated in all three directions inside the chamber through
the THz focus over a several mm range by moving the
nanotip holder coupled through a baffle.
The electron energy distribution and bunch charge are
measured simultaneously via a Faraday cup detector po-
sitioned less than 1 cm away from the tip along the emis-
sion axis, with a varying stopping potential (Vs) applied
to a grid placed before the detector. Additionally, an
electrical connection is made to the tip allowing a direct
measurement of the total current being drawn through
the tip. These two currents are measured simultaneously
using two Keithley 6517B electrometers.
Three dimensional finite–difference time–domain
(FDTD) simulations were performed to model the
local THz fields coupled to tungsten nanotips. The
nanotip shape was approximated as a prolate spheroid,
which allowed the expansion of the fields in spherical
coordinates where the Helmholtz equation is separable
3FIG. 2. (a) Electron emission current measured at the Faraday cup detector as a function of the applied retarding potential
for THz peak field strength from 154 to 298 kV/cm. Curves are normalized with respect to the 298 kV/cm max current. (b)
Energy distributions derived from the raw data, which show low and high energy peaks respectively which correspond to two
qualitatively distinct types of electrons emission. Low energy tail in the high energy peak were cut out for clarity. (c) Mapping
of the energy distribution as a function of the THz peak field strength.
[23]. Typical field enhancements of ∼ 350 are calculated
for a 50 nm radius tip, as shown in Fig. 1(c) using the
input field given in Fig. 1(b) (see Supplemental Material
[24]). While this dipole model qualitatively captures
the decay of the local field enhancement away from the
tip apex, it ignores the atomic scale structure of the
tip and spatial texture in the local field that would be
observed in a field ion microscopy image, for example. A
more accurate estimation of the local field at the point
of emission can be obtained from the measured energy
distribution as discussed below.
Cold field emission of electrons from metal nanotips
under dc and quasi-dc field conditions, depicted in
Fig. 1(d), is typically described by Fowler-Nordheim
theory [3]. The instantaneous local THz field, Floc,
tilts the electron potential given by the Schottky-
Nordheim function V (z) = φ − eFlocalz − e216pi0z with
φ = 4.5 eV being the work function of the tungsten
tip. The critical field required to lower this potential
barrier to zero relative to the Fermi energy is given by
Fφ =
4pi0φ
2
e = 14 GV/m for tungsten [25]. The emission
current ~J is subsequently calculated via the tunneling
probability through this barrier. The zero temperature
Fowler-Nordheim equation for the current density J can
then be written as
J(t) =
aFloc(t)
2
F 2φφ
exp
[
−vb Fφ
Floc(t)
]
(1)
where a and b are Fowler-Nordheim constants. The func-
tion v ≈ 1 − Floc/Fφ accounts for image charges and
exponentially suppresses the emission, although is valid
only for Floc < Fφ [26]. Since the influence of the image
charges is limited to very close to the tip apex where local
fields are the strongest, we find all data can be described
by setting v = 1 (see Supplemental Material [24]).
The total electron emission (Vs = 0 V) is shown in
Fig. 1(e), measured using a direct electrical connection on
the nanotip and scanning the tip through the focal plane
of the THz pulse. Electron bunch charges in excess of 106
electrons/pulse were measured on peak, more than three
orders higher than previously reported [13, 27]. The rel-
ative THz/tip-position dependence of the field-emission
current (bunch charge) follows an asymmetric Gaussian
with FWHM of 580 µm and 450 µm in the x and y di-
rections, respectively (Fig. 1(e)). These dimensions are
comparable to those of the THz intensity distribution
at the tip position as measured using a microbolome-
ter camera. While Fowler-Nordheim emission predicts a
sharpened distribution for Floc << Fφ due to the ex-
ponential dependence on the field, in the extreme limit
of Floc >> Fφ the exponential term saturates and the
electron distribution is governed by F 2loc, i.e. the inten-
sity distribution. Thus both the large electron count rate
and the Gaussian spatial distribution indicate that we are
operating in the extreme limit of field emission.
The normalized electron current from the Faraday cup
is shown in Fig. 2(a) for varying peak incident THz field
strength. The current shows a marked reduction at low
potentials (< 500 eV) and a high energy cutoff at several
keV. We note the beam current could be manipulated by
the presence of a permanent magnet brought close to the
chamber, confirming the origin of these signals as a free-
space electron beam. The numerical derivative of this
spectra gives the energy distribution, whose low and high
4energy regions are shown in Figs. 2(b). The low energy
distribution shows a monotonically decreasing distribu-
tion to a cutoff of approximately 400 eV, while the high
energy distribution is sharply peaked at energies up to 3.5
keV. The origin of the low energy distribution is puzzling.
Given the significant portion of electrons present in the
low energy part of the distribution, these electrons must
be field emitted during the peak of the THz field. Elec-
trons emitted during this time would usually be acceler-
ated ballistically to form the high energy peaked distribu-
tion. Evidently, a significant portion of electrons are not
immediately swept out of the tip region but instead expe-
rience a lower accelerating THz field. Such a delayed pho-
toemission channel has recently been demonstrated using
few-cycle optical pulses, where re-scattered electrons are
driven back to the nanotip surface by subsequent field
cycles [28]. Inelastic scattering within the metal can re-
sult in delay of the electron emission by 10’s of fs. While
this cannot explain our results, it points to the role of in-
elastic scattering during the emission process. A possible
mechanism for such a significant low energy population
is through interactions with surface contaminants. Ini-
tially emitted electrons can scatter within contaminant
layers [29], subsequently becoming trapped. They can
eventually escape and accelerate in a subsequent cycle of
the THz field. Numerical simulations of THz resonances
excited in the nanotip shows that a radially polarized,
dispersionless Sommerfeld wave is launched on the nan-
otip [30, 31]. This wave reflects at the tip boundaries
resulting in a multi-cycle field at a resonant frequency of
ω0 = (2pi)c/2L where L ∼ 5 mm is the tip length. As
the local field enhancement favours low frequencies (nu-
merically γ ∝ ω−1.4, see Supplemental Material [24]), as
does the ponderomotive energy Up = e
2F 2loc/4mω
2
0 , elec-
trons can reach 400 eV in this multi-cycle field with Floc
as low as 35 MV/m. The complete energy distribution is
shown in Fig. 2(c). While the ponderomotive energy of
trapped electrons should scale as F 2loc, we observe satura-
tion in the peak electron energy at ∼ 400 eV. While the
electron energy loss spectra of tungsten nitride shows no
excitations in the 100-400 eV energy range, an onset of
strong electron absorption above 400 eV coincides with
the nitrogen 1s excitation [32–34]. We therefore assign
the low energy distribution to electrons inelastically scat-
tered within the nitride, delaying emission and acceler-
ated by the Sommerfeld resonance of the tip. Further ev-
idence for electron energy transfer to surface adsorbates
is given later when we examine the nanoscale structure
of the tip after long term exposure.
A linear field dependence of the high energy peak is
observed in Fig. 2(c), as expected for ballistic acceler-
ation. The peak energy is given by Umax = eFloclF
where lF is the effective length scale of the field enhance-
ment. The linear fit (white dashed line) with a slope
of 13.3 eV cm/kV = eγlF directly yields the local field
enhancement factor γ = 3800 for a lF = 35 nm, approxi-
FIG. 3. (a) Local THz pulse electric field Floc and simulated
electron emission rate as described in the text. The chirp of
the electron pulse is shown in the color scale. (b) Experimen-
tal normalized electron energy distribution (blue circles) at
an incident THz peak electric field of 285kV/cm. A simula-
tion of the single shot normalized electrons energy distribution
(black line) using Fowler-Nordheim cold-field emission theory
and ballistic acceleration of the electrons by the local electric
field, as well as with a 2% Gaussian peak field fluctuation (red
line). (inset) Data plotted in the high-energy portion of the
energy spectrum. (c) THz peak field dependence of the total
high energy electron per pulse from the nanotip. Low energy
electrons (below 600 eV) are removed from the electron yield.
mated as the tip radius. The Floc in this simple estimate
is as high as 115 V/nm, more than 8 times the critical
field Fφ. The time scales for electrons to leave the field
enhancement region is on the order of 5 fs, well within
the quasi-static emission regime. The corresponding adi-
abaticity parameter δ = lFmω
2/eFlocal ≈ 0.001, relating
the near field decay length to the electron quiver ampli-
tude, is also well within the quasi-static limit [13].
In the quasi-static limit, the Fowler-Nordheim (F-N)
equations can simulate the emission dynamics of the
high energy distribution. The emission current and final
electron energy were calculated using a time-dependent,
one dimensional finite-element simulation taking into
account the near-field decay of a hyperboloidal tip
η/[1 + 2x/R], [9, 35] with η = 1380 and R=35 nm, the
Gaussian THz field focus and the THz pulse waveform
in Fig. 1(b). The high energy electrons rapidly leave
5the field enhancement region, however still experience
the entire THz waveform before leaving the THz focal
region. Electrons are only slightly slowed down by
the subsequent field half-cycle before they escape the
free-space focal spot. Fig. 3(a) shows the local field
half-cycle and the resultant electron emission rate up to
several thousand electrons/femtosecond and occurring in
a sub-cycle burst approximately 200 fs in duration. The
onset of such large emission rates occurs when the local
field reduces the potential barrier to zero, or Floc = Fφ
(see Supplemental Material [24]). Electrons are chirped
in energy according to their near-instantaneous accelera-
tion through the local field in varying parts of the cycle,
with the highest energies being emitted in a sub-100 fs
duration. At these field strengths, F-N theory predicts
a much sharper peaked energy distribution than we
and others have observed experimentally [8, 9], shown
in Fig. 3(b) as a black line with a FWHM of ≈1 eV
on the high energy peak. To simulate experimental
conditions that average over thousands of laser shots, we
add statistical fluctuations of the THz pulse amplitude
represented by a truncated Gaussian distribution with a
standard deviation of 2 % centered on the measured THz
peak field, a good approximation to our shot-to-shot
fluctuations. The calculated energy distribution is
obtained by averaging and is shown in Fig. 3(b) (red
line), in excellent agreement with the measured high
energy distribution (blue circles). Moreover, the inset
shows the single-shot distribution need not match the
experimentally observed emission peak energy due to
the asymmetric emission process and chirp under the
half-cycle of the pulse. Thus the single-shot energy
distribution is expected to be extremely monochromatic
in this high field regime, with a spectral purity on the
order of 10−4. Thus the THz driven nanotip is expected
to be an extremely bright electron source, potentially
useful for single shot ultrafast electron microscopy
and diffraction experiments with sub-100 fs temporal
resolution.
The peak current density Jpeak and bunch
charge/pulse under varying THz peak field is shown
in Fig. 3(c). At the maximum fields, Jpeak exceeds
1010 A/cm2 with the maximum bunch charge of 106
electrons/pulse. Such current densities under dc field
conditions would be completely dominated by space-
charge effects, governed by the Child-Langmuir Law
with J ∝ (Floc/Fφ)3/2 [36]. The onset of space-charge
effects is expected to occur for Floc/Fφ ∼ 0.5 for dc field
emission [25]. For pulsed field emission from a nanotip,
however, space-charge effects should be suppressed under
the condition that the pulse duration (∼ 200 fs) is much
longer than the electron transit time through lF (< 5 fs).
We find that in this extreme strong-coupling regime,
space-charge effects are negligible as the emission is well
described by a simple one-dimensional Fowler-Nordheim
theory with no compensation for local image charges or
FIG. 4. SEM image of a tungsten nanotip without expo-
sure (120 nm radius)(left) and with exposure to ∼ 1 billion
of THz shot (35 nm radius)(right) showing a strong reshap-
ing/sharpening of the apex of the tungsten nanotip improving
the electrons emission rate and energy.
screening (v = 1).
Comparative scanning electron microscope images of a
freshly fabricated tungsten nanotip and a tip exposed to
∼ 109 high field THz pulses are shown in Fig. 4, showing a
strong reshaping of the apex of the tip. Over the course of
several weeks of experiments, the tip length was reduced
by approximately 3 µm in length and the tip apex sharp-
ened from a ∼ 120 nm to 35 nm radius. We note that
over the course of an experiment in several hours to days,
the emission rate was stable. Such field-induced sharpen-
ing of a nanotip has been previously observed in field-ion
microscopy under applied dc bias voltage, and was used
to produce single atom-terminated nanotips [37]. The
mechanism for such dc field reshaping was determined to
be the formation of tungsten nitride, causing a protrusion
that in turn caused a local field enhancement. The lo-
cal field then exceeded the evaporation threshold for the
nitride and the atoms were removed. We therefore ten-
tatively attribute the observed sharpening of the nanotip
under intense THz fields to field evaporation of tungsten
nitride on a shot-to-shot basis. However given the ob-
served low energy electron distribution, we consider an
alternative mechanism could be inelastic scattering of ac-
celerated electrons within the nitride causing the removal
of atoms in a similar manner. In this case, electrons
transfer energy to regions with tungsten nitride, which
are then selectively evaporated in the field thus sharpen-
ing the tip over time on a shot-to-shot basis.
In conclusion, we have demonstrated sub-cycle THz
driven cold-field electron emission from a tungsten nan-
6otip under extreme local field conditions. Electron bunch
charges and peak current densities on the order of 106
electrons/pulse and 1010 A/cm2 are quantitatively mea-
sured. Energies distribution up to 3.5 keV are observed
and are accurately described by Fowler-Nordheim emis-
sion with ballistic acceleration in a quasi-static field. See-
ing no signature of saturation in the emission current for
increasing Floc, combined with the field-induced sharpen-
ing of the nanotip and the predicted single-shot spectral
purity of 10−4 indicates that THz driven nanotip field
emission holds promise for ultra-bright, ultrafast electron
sources.
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TIME-DEPENDENT FINITE ELEMENT SIMULATIONS - ELECTRON ENERGY DISTRIBUTION
Time-dependent finite element simulations have been performed to simulate the electron emission during the THz
pulse to fit the electron energy distribution using the field enhancement factor as the only fitting parameter.
Quiver to sub-cycle emission regime
In light-field electron acceleration, two regimes are relevant: the quiver regime and the sub-cycle regime [S1]. The
sub-cycle, quasi-static regime is characterised by a sharp high energy peak in the electron energy distribution, tailing
to lower energies. Electrons are ejected at the highest emission rate near the peak of the THz lightwave, and are
accelerated out of the field enhancement region on time scales much shorter than the cycle time. Their final energy is
then directly related to the field at the time of their emission. At lower fields, electrons emitted during the THz peak
do not leave the enhancement region fast enough and are slowed down by the next half-cycle or even multiple cycles of
the THz pulse, leading to a broadened peak. This multi-cycle interaction is the so-called quiver regime. Simulations of
the emission process were performed to find the transition between the two regimes under our experimental conditions.
We input our experimentally measured THz electric field waveforms obtained by free-space electro-sampling as our
incoming light field. A field enhancement factor of γ=1380 was found to describe the energy distribution with the
functional form of the near-field decay taken to be that of a hyperboloidal tip γ
1+ 2xR
, [S2, S3] for a R=35 nm tip
radius. We used the zero-temperature Fowler-Nordheim equations (with v = 1) to obtain the electron emission at
any given time during the THz pulse in the quasi-static limit (Keldysh parameter γK << 1). The energies of the
electrons are calculated using a time-dependent finite element simulation including the THz pulse Gaussian focus.
For our experimental THz peak fields, between 140 kV/cm and 300 kV/cm, all simulations showed characteristic
sub-cycle emission. Figure S1 shows the normalize energy distribution for THz peak fields of 10 to 50 kV/cm. A clear
transition between the quiver regime and the sub-cycle regime is exhibited. The high energy peak appears around
25 kV/cm and becomes dominant at 30 kV/cm. Already at 50 kV/cm, the distribution resembles the 285 kV/cm
energy distribution shown in Fig. 3 of the main manuscript. It is important to note that because the pulsed nature
of the experiment and the exponential behavior of the field emission equation, the emission rate per pulse is greatly
reduced at lower THz fields with rates below 1 electron per pulse at 40 kV/cm. We were unable to measure any
emission experimentally with our current setup to go through the transition regime.
Critical field (Fφ)
Cold field emission occurs when a high electric field is applied to a material and bends the potential barrier enough
that electrons can start tunnelling from an occupied energy level within the material. The Schottky-Nordheim
potential is given by the work function φ = 4.5 eV for tungsten minus the potential of the local electric field and
the image potential created by the electrons leaving the material, V (z) = φ − eFlocalz − e216pi0z . Fowler-Nordheim
theory assumes that the emitted electrons come from the Fermi energy. For high enough field values, the height of
the potential barrier can be reduce to zero at the critical field, Fφ =
4pi0φ
2
e = 14 GV/m, and can even go below the
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2FIG. S1. Time-dependent finite element simulations of the normalized electron energy distributions for peak THz electric fields
of 10, 15, 20, 25, 30, 40 and 50 kV/cm, considering a field enhancement at the tip apex of 1380.
Fermi energy. Figure S2 shows the potential barrier of a tungsten tip (φ = 4.5 eV ), for local electric field below,
above and at the critical field. Above the critical field, electrons at the Fermi energy do not have any barrier to tunnel
through making the theory inapplicable. Thus we elected to use a simpler version of the Fowler-Nordheim equation
by removing the image term in the potential and consider a simple triangular barrier of height φ above the Fermi
energy.
The local electric field used in our experiment exceeds the critical field (Fφ). Figure S3 shows that the onset of the
emission occur at that critical field for both 285 kV/cm and 170 kV/cm THz peak electric field. Also, the exponential
term in the equation is less important at high field and the electron pulse duration is reduced at lower fields.
THREE DIMENSIONAL FINITE DIFFERENCE TIME DOMAIN (FDTD) SIMULATIONS - FIELD
ENHANCEMENT
Numerical three-dimensional finite-difference time domain simulations have been performed to gain insight on the
local field enhancement and its decay, modelling a tungsten nanotip as a prolate spheroid. The measured THz transient
was used as the input field with the light polarization aligned with the tip axis.
Simulations were performed at different tip radii: R=25 nm, R=40 nm and R=100 nm for a tip length L=0.9 mm
(Fig.S4). The magnitude of the field enhancement factor exhibits a periodic frequency (f) dependence shown in
Fig. S4 (a), (d) and (g), reflecting the macroscopic resonances of the tip at frequencies ω0 = mc/2L where m is an
integer. Computational run times limit the length of the tip to less than 1-2 mm. We note the free spectral range
for the resonances for our experimental setup (tip length = 8 mm) is only 20 GHz, so narrow to have the effect of a
continuous broadband enhancement. The peaks of the periodic enhancement factor follow a frequency dependence of
η ∝ ω−1.4 shown in Figs. S2 (d), (e) and (h). Figure S4 (c), (f) and (i) compare the normalize incident field (red) and
the effective electric field at the tip (blue). The enhancement factor vary from around 180 to 620 following a γ = aRb
with b ≈ −0.9.
The field enhancement decay is obtained by taking a cut of the field along the tip axis at the peak of the THz
pulse (Fig. S5). The decay length is found to be independent of the tip radius and only the magnitude increases
3FIG. S2. Schottky-Nordheim potential barrier for electron cold field emission at different local field strength.
FIG. S3. The normalized local electric field (line) and the electrons emission rate (open circles) for a THz peak field of
285 kV/cm (red) and 170 kV/cm (blue).
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FIG. S4. Three-dimensional finite-difference time domain (FDTD) simulations calculating (a, d, g) the magnitude (blue) and
phase (red) of the enhancement factor with respect to the field frequency. (b, e, h) Fit of the decay in the peaks of the
enhancement factor magnitude. (c, f, i) Comparison of the incident electric field normalize by the experimental THz field (red)
and the reconstruct field at the apex of the tip (blue). Calculations have been made at three different tip radius: R=100 nm
(a,b,c), R=50 nm (d,e,f) and R=25 nm (g,h,i). A nanotip length of 0.9 mm was use in all calculations.
FIG. S5. Field enhancement decay from the apex of the tip for tip radius from R=10 nm to R=100 nm.
5when the tip radius decreases. The best fitting function for the decay is a bi-exponential. Given that the simulation
does not seem to capture the physics of the experiment with both a much smaller field enhancement and lower energy
distribution compare to the experiment, we used a hyperbolic decay for the energy distribution calculation following
previous work [S2, S3].
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